Physicochemical gut conditions and the composition and topology of the intestinal microbiota in the major gut compartments of the root-feeding larva of the European cockchafer (Melolontha melolontha) were studied. Axial and radial profiles of pH, O 2 , H 2 , and redox potential were measured with microsensors. Terminal restriction fragment length polymorphism (T-RFLP) analysis of bacterial 16S rRNA genes in midgut samples of individual larvae revealed a simple but variable and probably nonspecific community structure. In contrast, the T-RFLP profiles of the hindgut samples were more diverse but highly similar, especially in the wall fraction, indicating the presence of a gut-specific community involved in digestion. While high acetate concentrations in the midgut and hindgut (34 and 15 mM) corroborated the presence of microbial fermentation in both compartments, methanogenesis was confined to the hindgut. Methanobrevibacter spp. were the only methanogens detected and were restricted to this compartment. Bacterial 16S rRNA gene clone libraries of the hindgut were dominated by clones related to the Clostridiales. Clones related to the Actinobacteria, Bacillales, Lactobacillales, and ␥-Proteobacteria were restricted to the lumen, whereas clones related to the ␤-and ␦-Proteobacteria were found only on the hindgut wall. Results of PCR-based analyses and fluorescence in situ hybridization of whole cells with group-specific oligonucleotide probes documented that Desulfovibrio-related bacteria comprise 10 to 15% of the bacterial community at the hindgut wall. The restriction of the sulfate-reducer-specific adenosine-5-phosphosulfate reductase gene apsA to DNA extracts of the hindgut wall in larvae from four other populations in Europe suggested that sulfate reducers generally colonize this habitat.
Soil macroinvertebrates play an essential role in the cycling of organic matter (55) . Numerous coleopteran larvae, particularly those of the Scarabaeidae, feed on fresh or decomposing plant material on or in the soil (13) , and many of them are important plant pests. In central Europe, the root-feeding larva of the European cockchafer (Melolontha melolontha) causes significant economic damage (28) .
In general, the intestinal tracts of many soil insects harbor a dense and diverse microbiota, which functions in the hydrolysis and/or fermentative breakdown of polymeric food components to degradation products that can be resorbed by the host (8, 17, 27) . However, only little is known about the contribution of microbial processes to host nutrition (8, 17) and how host factors, such as morphology, compartmentalization, and physicochemical conditions of the intestinal tract, influence the composition and control the activity of the gut microbiota on a microscale (9) .
In scarabaeid beetle larvae, the intestinal tract consists of two major compartments: a tubular midgut, which is the site of secretion of numerous hydrolytic enzymes, and a bulbous hindgut, which is generally considered a fermentation chamber (24, 41, 53, 54) . Although both gut compartments are densely colonized by diverse microorganisms (3, 10) , which were recognized early as participating in digestion (52) , the composition of the intestinal microbiota and the activities and spatial distribution of microbial populations within the gut have hardly been investigated (reference 10 and references therein).
Only the humivorous larva of Pachnoda ephippiata has been characterized in more detail. Like many other insect larvae with a diet rich in tannins and phenols, it is characterized by high midgut alkalinity, which is generally considered to prevent precipitation of dietary proteins and digestive enzymes (21, 36) . In P. ephippiata, however, the high pH of the midgut fluid seems to be an adaptation to the humivorous lifestyle, rendering the ingested soil organic matter more accessible for microbial degradation (32, 33) . Both the midgut and hindgut are characterized by high concentrations of microbial fermentation products and a dense and diverse microbial community that differs clearly between the compartments (20, 32) .
However, little is known about the microbiota in scarabaeid larvae from other feeding guilds. Microbiological studies of phytophagous scarabaeid larvae have focused mostly on insect pathogens of several economically important pest species (e.g., M. melolontha (28, 29) , Costelytra zealandica (26) , and Popillia japonica (30, 39, 44) . Opportunistic pathogens may also be members of the gut microbiota in healthy insects but are not numerically important. Moreover, cultivation-based studies are usually unable to give an unbiased view of community structure in any ecosystem (2) .
In contrast to numerous studies of termites (for a review, see reference 8), a cultivation-independent characterization of the intestinal microbial community of coleopteran species has been conducted only with the humivorous larva of P. ephippiata (20) . Here, we report on the prokaryotic community in the gut of the phytophagous larva of Melolontha melontha. The study entailed a microsensor analysis of the physicochemical conditions in the intestinal tract and an analysis of the structure and topological organization of the microbial community using a combination of several molecular techniques.
MATERIALS AND METHODS
Insects and gut preparation. Late second and third larval instars of the European cockchafer (M. melolontha L.) (Fig. 1A) were collected in 2002 and 2003 near Obergrombach, Germany (for the origins of all other larvae, see Table 4 ). Until analysis, the larvae were kept separately in meadow soil at 15°C for up to several months and fed with grass roots, and only actively feeding insects were used for the experiments. Larvae were dissected as described previously (32) , and the gut compartments were separated at the midgut-hindgut junction (Fig. 1B) . For preparation of wall and lumen fractions, the gut compartments were opened with scissors and the gut content was removed with a sterile spatula. Subsequently, the gut walls were washed three times with sterile Ringer's solution.
Microsensor measurements. Oxygen, hydrogen, pH, and redox potentials were measured with microsensors in freshly dissected guts irrigated with Ringer's solution as previously described in detail (11) .
Metabolites in gut fluids and hemolymph. Hemolymph, collected via an incision in the integument before the larvae were decapitated, and gut sections were treated as follows: mild sonification, centrifugation (14,000 ϫ g; 10 min), addition of 5 l H 2 SO 4 (5 M) per 95 l supernatant, centrifugation (14,000 ϫ g; 10 min), and measurement of the supernatant (50 l) for metabolites (i.e., glucose, organic acids, and alcohols) by high-pressure liquid chromatography (49) . For sulfate determination, supernatants (ϳ50 l) were diluted twofold with HCl (0.5 M), centrifuged (10 min; 10,000 ϫ g) again, and analyzed using ion chromatography.
Methane production rates. The methane production rates of larvae and isolated gut sections were determined as previously described in detail (32) . Stimulation of methane emission was tested by supplementing the headspace with H 2 (5%; larvae and gut sections) or by adding Na formate (5 mM; gut sections only) after the basal rate of methane production had been established.
DNA extraction and PCR amplification of 16S rRNA and apsA genes. DNA was extracted and purified from gut samples and food plant roots as previously described (20) . 16S rRNA genes were amplified using primers 27f and 907r (37) or Ar109f and Ar915r for bacterial and archaeal clone libraries, as described elsewhere in detail (19, 20) . The apsA gene encoding the ␣ subunit of the adenosine-5Ј-phosphosulfate (APS) reductase of sulfate-reducing bacteria (SRB) was amplified with the primers APS7-F and APS8-R as described elsewhere (22) , except that 1 l of a 1:20 dilution of DNA extract was added as a template and a thermal PCR profile with 35 cycles at an annealing temperature of 52°C was used.
16S rRNA gene libraries and analysis of sequence data. Bacterial and archaeal 16S rRNA gene amplicons were cloned in Escherichia coli as described previously (20) . Bacterial clones retrieved from DNA extracts of the hindgut lumen and hindgut wall of an individual larva were designated MKEL and MKEW, respectively. Archaeal clones obtained from a DNA extract of a complete hindgut were named MKED. Sequence data were analyzed and trees were constructed using the ARB software package with its database (version 2.5b; O. Strunk and W. Ludwig, Technische Universität München, München, Germany [http://www.arb-home.de]) as described elsewhere (20) .
T-RFLP analysis. Terminal restriction fragment length polymorphism (T-RFLP) analysis was performed as described elsewhere (20) . Briefly, 16S rRNA genes were specifically amplified using the combinations 6-carboxyfluoresceinlabeled primer 27f and primer 907r for Bacteria and primer Ar109f and 6-carboxyfluorescein-labeled primer Ar915r for Archaea. DNA was restricted with MspI for bacterial amplicons and AluI for archaeal amplicons. Terminal restriction fragments (T-RFs) in the profiles were assigned to phylotypes based on in silico analysis of the clones in the respective libraries. In addition, all clones were checked in vitro for the formation of pseudo-T-RFs, and pseudo-T-RFs in profiles of gut samples were identified by mung bean nuclease treatment prior to endonuclease restriction (18) .
Total cell counts and fluorescence in situ hybridization (FISH). Homogenized, phosphate-buffered-saline-diluted gut samples were fixed overnight with paraformaldehyde (3% [wt/vol]) (PFA) at 4°C or ethanol (50% [vol/vol]) at Ϫ20°C, transferred onto white polycarbonate membrane filters (0.2 m GTTP; Millipore, Eschborn, Germany), washed with phosphate-buffered saline (only PFA-fixed samples), air dried, and stored at Ϫ20°C. Samples were dehydrated with an ethanol series, hybridized with CY-3-labeled oligonucleotide probes (35% formamide in hybridization buffer), washed, and counterstained with 4,6-diamino-2-phenylindole (DAPI) as described previously (38) . The filters were embedded in Citifluor solution (AF1; Citifluor Ltd., London, United Kingdom), and the cells (Ն1,000 per sample) were counted with an epifluorescence microscope.
Estimation of ecological indices and statistical analyses. The bacterial species richness of the hindgut lumen and hindgut wall was calculated using Chao1 as a nonparametric estimator (20) . T-RFLP profiles were normalized, and the diversity (Shannon-Wiener index), evenness, and community similarity (Morisita) indices were calculated as described elsewhere (19) . Differences between samples (in ecological indices, physicochemical parameters, or FISH cell counts) were checked for statistical significance (P Յ 0.05) with nonparametric MannWhitney tests using SYSTAT 10.0 (SPSS Inc., Chicago, Ill.).
Nucleotide sequence accession numbers. The bacterial 16S rRNA gene sequences of MKEL and MKEW clones are accessible under accession numbers AJ852243 to AJ852332 and AJ852333 to AJ852406, respectively. Three representative archaeal sequences (MKED clones) are accessible under AJ852240 to -42.
RESULTS
Microsensor measurements. The intestinal tracts of M. melolontha larvae (Fig. 1B) were characterized by only mod- .] Ϫ1 h Ϫ1 ; n ϭ 3), corresponding to approximately half of the rate observed with living animals. CH 4 emission rates of isolated hindguts were almost identical when the guts were incubated under air or in the presence of formate but increased twofold under H 2 .
Microbial fermentation products and sulfate. Both gut compartments contained short-chain fatty acids and other metabolites typical of microbial fermentations, in particular acetate ( Table 1 ). The concentrations of acetate and succinate were significantly higher in the midgut than in the hindgut. The spectrum of metabolites in the hemolymph resembled that in the gut compartments, although the concentrations, in particular that of acetate, were considerably lower than in the gut. Also, glucose accumulated to relatively high concentrations in all compartments, particularly in the midgut. The sulfate concentration was significantly higher in the midgut than in the hindgut (2.9 Ϯ 0.6 and 0.9 Ϯ 0.3 mM; n ϭ 5).
Microbial diversity in different gut habitats. The bacterial diversity in the wall and lumen fractions of the two major gut compartments of three different larvae was analyzed by T-RFLP fingerprinting of 16S rRNA genes and compared to the pattern obtained for the larval diet (plant roots) (Fig. 2) . While the hindgut profiles of all larvae consistently displayed a high number of T-RFs, the midgut profiles of two larvae showed only one or three major T-RFs, with a prominent peak at 495 bp. This T-RF, however, was missing in a third larva (Fig. 2) . The low diversity of the bacterial community in the midgut samples contrasted sharply with the high diversity of the root samples (Fig. 2) .
By contrast, the profiles of the hindgut wall fractions were very similar to each other. Morisita indices of community similarity between the individual hindgut wall profiles were significantly higher than that of the lumen profiles (89 Ϯ 3% versus 68 Ϯ 1%) and were significantly higher than the average similarity between the hindgut wall and lumen profiles derived from the same individual (72 Ϯ 5%). However, the ecological indices of community diversity (Shannon-Wiener; 2.78 Ϯ 0.02 versus 2.88 Ϯ 0.10) and evenness (0.93 Ϯ 0.01 versus 0.93 Ϯ 0.02) of the two fractions were very similar. Ecological indices were not calculated for the midgut because of the large individual differences in the T-RFLP profiles and lack of consistency between the larvae.
While no archaeal 16S rRNA genes could be amplified from midgut samples, T-RFLP profiles of all wall and lumen fractions uniformly displayed a dominant 67-bp T-RF (and a smaller 167-bp pseudo-T-RF), which could be assigned to Methanobrevibacter-related clones (data not shown).
16S rRNA gene clone libraries. Two separate bacterial clone libraries were generated from DNA extracts of the lumen and wall fraction of an individual hindgut; a third (archaeal) clone library was generated from the complete hindgut of another larva. From all clone libraries, randomly selected clones were sequenced and phylogenetically analyzed. All clones were affiliated with established major lines of descent among the Bacteria (Fig. 3, 4 , and 5 and Table 2 ) and the Archaea (not shown). Within each lineage, many of the clones from this study clustered with cultured representatives and/or clones from the intestinal tracts of other insects (particularly termites and cetoniid beetle larvae) or higher animals (ruminants, rodents, pigs, and humans).
Bacterial clones obtained from the hindgut lumen (n ϭ 90) were assigned to seven distinct phylogenetic groups (Fig. 3 to  5 ). Most lumen clones (47%) were affiliated with the Clostridiales (Fig. 3) . Several of them could be assigned to the clostridial clusters IV, IX, XIVa and b, and XVI sensu Collins et al. (12) ; however, many grouped (together with other intestinal clones or isolates) outside of these clusters. Twenty-four lumen clones clustered with Turicibacter sanguinis (92 to 97% sequence identity), a strictly anaerobic, gram-positive bacterium isolated from a human blood sample (5) . Members of the Actinobacteria, Bacillales, Lactobacillales, ␥-Proteobacteria, and Bacteroidetes were less frequently recovered; with the exception of the Bacteroidetes, these clones were found exclusively in the clone library of the hindgut lumen (Fig. 4 and 5) .
The 74 bacterial clones from the hindgut wall sample fell into five distinct phylogenetic groups (Fig. 3 to 5 ). Most clones of the gut wall (61%) were affiliated with the Clostridiales and grouped within clostridial clusters I, IV, XI, and XIVa or outside of known clusters (Fig. 3) . Twelve clones derived from the gut wall were related to members of the Bacteroidetes, but none of them clustered with the genus Dysgonomonas; such clones were present exclusively in the library of the lumen fraction (Fig. 4) . The most prominent difference between the b Values are mean Ϯ standard error of the mean (n ϭ 4). Means within rows followed by the same letter are not significantly (P Ͻ 0.05) different. two clone libraries, however, was the distribution of the ␦-proteobacterial clones, which were all affiliated with the genus Desulfovibrio and comprised 15% of all clones derived from the hindgut wall but were completely absent from the lumen library ( Fig. 5 and Table 2 ). The closest relative was Desulfovibrio cuneatus (85.6 to 88.5% sequence identity), isolated from an oxic freshwater sediment (42) . By using an arbitrarily defined limit of 97% sequence identity (45), the 16S rRNA gene clones in the hindgut lumen and wall libraries were grouped into 39 and 45 different phylotypes, respectively. Using Chao1 as a nonparametric richness estimator, the estimated total numbers of phylotypes were 63 for the hindgut lumen and 127 for the wall, which indicates that cloning analysis detected 62% and 35% of the phylotypes present in the respective fractions.
All 30 archaeal clones were virtually identical (Ͼ99.8% sequence identity) and clustered within the Methanobacteriaceae (details not shown); they were closely related to Methanobrevibacter arboriphilus (AB065294; ϳ97.8% sequence identity) and to clones from the intestinal tracts of humivorous P. ephippiata beetle larvae (AJ576150 and AJ576127; ϳ99.5% sequence identity) (20) .
T-RFLP analysis of 16S rRNA gene frequency. All phylogenetic groups in the clone libraries of the hindgut wall and lumen were represented by T-RFs in the respective T-RFLP profiles; taken together, the assigned T-RFs accounted for ϳ81% of the total peak height in both profiles (Fig. 6 ). In general, T-RFLP-based gene frequencies corroborated the clone frequencies in the clone libraries (Table 2) ; any differences were most likely caused by the fact that clone frequencies are generally biased by undersampling (51) .
In the cases of both the hindgut wall and lumen, the most prominent peak in the respective T-RFLP profile represented a T-RF of 290 bp. In the lumen clone library, all clones with this T-RF length are affiliated with the Clostridiales. By contrast, almost all clones in the wall clone library fall within the genus Desulfovibrio, and only one clone (MKEW-50) is affiliated with the Clostridiales, indicating that the 290-bp peak in the hindgut wall sample largely represents Desulfovibrio species. In this case, the relative gene frequency of Desulfovibrio spp. would be close to 15%, which agrees well with the corresponding clone frequency (Table 2) . Also in the hindgut wall profiles of the two other larvae, the 290-bp T-RF represents 12 to 15% of the total peak height (Fig. 2) . Cell densities and FISH analysis. Total cell counts in the midgut compartment were approximately fivefold lower than in the hindgut (Table 3 ). The proportion of DAPI-stained cells hybridizing with a mixture of oligonucleotide probes targeting all Bacteria was relatively low in the midgut but considerably higher in the hindgut. However, only the hindgut homogenates contained a small proportion of cells hybridizing with probes targeting all Archaea. Notably, archaeal cells were detected only after fixation with ethanol, but not with PFA.
The spatial distributions of microorganisms in the hindgut were studied in lumen and wall fractions of individual larvae (Table 3) . Based on DAPI counts and fresh weight, cell density at the hindgut wall was approximately 3.5-fold higher than that in the hindgut lumen. The fraction of DAPI-stained cells that hybridized with the Bacteria-specific EUB 338 probes (Table 3) was not significantly different between the lumen and wall fractions. Most of the archaeal cells were located at the hindgut wall. Probe SRB385, which generally targets sulfate-reducing bacteria affiliated with the ␦-Proteobacteria, had one mismatch to all Desulfovibrio-related clones in the hindgut wall clone library, located at the 5Ј end of the target sequence, and also only one mismatch to clones of certain gram-positive bacteria, albeit at the center of the target sequence. Therefore, we also counted sulfate-reducing bacteria with the newly designed probe DSV698-MK, which matched exactly 10 of the 11 Desulfovibrio-related sequences obtained in this study and had at least two mismatches to all other clones in the hindgut clone libraries.
Despite the differences in specificity, the results obtained with probe DSV698-MK and with probe SRB385 were virtually identical, indicating that 9 to 10% of all bacterial cells colonizing the hindgut wall were Desulfovibrio spp., which is in agreement with the clone frequency in the clone library of the hindgut wall and corroborated our interpretation of the T-RFLP profiles (see above).
Sulfate-reducing bacteria in larvae of different geographic origins. The presence of Desulfovibrio spp. on the hindgut walls of M. melolontha larvae was determined for four other populations of larvae of different geographic origins (Table 4 ). Although these larvae had been kept in a sphagnum substrate at ϳ15°C and had been fed with carrots instead of grass roots, all T-RFLP profiles of hindgut lumen and hindgut wall fractions showed the T-RF of 290 bp, present with similar peak height also in the profiles of the Obergrombach larvae. However, only the DNA from the hindgut wall fraction yielded a PCR product with primers specifically targeting the functional marker gene apsA of sulfate-reducing bacteria ( Table 4 ), indicating that Desulfovibrio spp. form a significant proportion of the bacteria colonizing the hindgut walls of all M. melolontha larvae, irrespective of origin and diet.
DISCUSSION
With the exception of a recent study of termites (56), the topological organization of the intestinal microbiota within individual gut compartments of arthropods has not been studied. In this study of M. melolontha larvae, we show that there are axial differences in the community structure, similar to the situation in the humus-feeding larva of P. ephippiata (20) , probably reflecting the different physicochemical conditions in the respective gut compartments. Moreover, we found significant differences in the bacterial colonization of the lumen and wall fractions of the hindgut, documenting that the microbial ) and on T-RFLP analysis. Since some T-RFs were shared by more than one phylogenetic group (Fig. 6) , the T-RFLP-based frequencies of these groups can be expressed only as frequency ranges. Minimum frequencies were calculated by considering only those T-RFs that were unique to a certain group, whereas for maximum frequencies, those T-RFs shared with others were also taken into account.
b -, not detected.
community is also structured on the radial scale. The abundant population of sulfate-reducing bacteria restricted to the hindgut wall indicates that the topology of the microbiota has important functional implications. Axial differences in community structure. In scarab beetle larvae, differences between midgut and hindgut communities have already been documented for the humivorous larva of Pachnoda ephippiata (20) . However, the larva of P. ephippiata possesses a highly alkaline midgut (pH Ͼ 10), whereas the hindgut is only slightly alkaline (pH 8.5) (32), similar to the phytophagous and humivorous larvae of other Scarabaeidae (for references, see reference 32), and intestinal pH is considered an important determinant of community structure (20, 43) . In M. melolontha larvae, however, the pH of the midgut is almost identical to that of the slightly alkaline hindgut (Fig.  1C) , so that other parameters must be responsible for the differences in microbial colonization.
From a microbial viewpoint, the midgut and hindgut of M. melolontha are fundamentally different habitats. As in all insects (47), the midgut of scarab beetle larvae is the site of secretion of numerous digestive enzymes of host origin, which provide easily degradable substrates for the microbiota (for references, see reference 33). Moreover, the passage of the food through the midgut is considerably faster than in the hindgut. In M. melolontha larvae, the intestinal transit time is 4 to 8 h in the midgut and up to 4 days in the hindgut (54) . As a Based on DAPI counts and on FISH with group-specific oligonucleotide probes. The values are means Ϯ standard errors of the mean for gut compartments (n ϭ 5) or hindgut fractions (n ϭ 3) of individual larvae; only ranges are given for FISH counts in the midgut and hindgut (n ϭ 2). With the exception of the EUB counts, the differences between gut compartments or between hindgut fractions are significantly different (P Ͻ 0.05).
b Based on fresh weight. c Equimolar mixture of probes EUB338, EUB338 II, and EUB338 III, specific for members of the domain Bacteria (15 in other scarab beetle larvae (references 25 and 32 and references therein), the hindgut of M. melolontha larvae has a consistently lower redox potential than the midgut and is the exclusive site of methanogenesis. However, the low rates of methane emission by the larvae suggest that methanogenesis is apparently not an important process in the hindgut of M. melolontha larvae, which is in agreement with the low number of Archaea determined by FISH. Compartmental specificity. In the herbivorous caterpillar of the gypsy moth, bacterial community compositions in the midgut were similar among individuals feeding on the same plant leaves but changed dramatically when larvae were shifted to another diet (6) . In M. melolontha, the midgut community structure varied even among individuals feeding on the same diet, suggesting a rather variable composition of the midgut microbiota. In most larvae, the bacterial diversity in the midgut was reduced compared to the high diversity present in the diet (Fig. 2) , indicating lysis of dietary microorganisms in the midgut.
The bacterial community structure in the hindgut, however, was much more diverse than that in the midgut. Especially in the case of the hindgut wall fraction, T-RFLP profiles were highly similar among all individuals investigated, providing a strong argument for an autochthonous, possibly host-specific community with an important role in the intestinal processes. This is supported by the close phylogenetic relationships of the clones in the hindgut clone libraries with clones or isolates retrieved from other intestinal habitats.
Functional implications. The high acetate concentrations in the midgut and hindgut of M. melolontha larvae are indicative of an actively fermenting microbiota in both compartments. Nevertheless, the strong accumulation of glucose in the midgut documents that the rate of hydrolysis of plant polymers exceeds the rate of microbial fermentation, allowing glucose absorption by the midgut epithelium. The glucose concentration in the hindgut is considerably lower, caused by either higher fermentation rates or lower rates of hydrolysis of the more recalcitrant residues (e.g., cellulose). This is corroborated by higher cell densities in the hindgut, and a large proportion of clones in the hindgut clone libraries were related to bacterial taxa with fermentative and often polymer-degrading representatives, such as the Clostridiales and Bacteroidetes. The presence of microbial fermentation products in the hemolymph suggests that, as in other insects, fermentation products of the gut microbiota are resorbed by the host (7). The high proportion of acetate among the fermentation products in the gut fluid is interesting, since the closest relatives of many hindgut clones (e.g., in the genera Clostridium, Bacteroides, and Dysgonomonas) also form other fermentation products in pure culture. In view of the low hydrogen partial pressure and the low rates of methanogenesis, this may indicate that many of the hindgut clones represent homoacetogenic bacteria.
In contrast to humivorous P. ephippiata larvae (32), the lactate concentration in the M. melolontha hindgut was almost negligible. Clones related to the Lactobacillales were detected only at low frequency, but 18% of all clones in the hindgut clone libraries were closely related to the lactate-producing Turicibacter sanguinis (5) . Therefore, low lactate concentrations might also be explained by a high rate of lactate turnover, as in the case of the termite Reticulitermes flavipes (48) .
Radial organization. Microscopic observation revealed that the hindgut wall is covered by a thick biofilm of microorganisms that colonize the treelike chitin structures characteristic of the hindguts of scarabaeid beetle larvae (25) , while the rest of the hindgut microbiota is either freely suspended in the gut fluid or attached to the root pieces abundant in the hindgut lumen (M. Egert, L. Dyhrberg-Bruun, and M. W. Friedrich, unpublished results). Differences between the clone libraries of the wall and lumen fractions indicate that the Actinobacteria, Bacillales, Lactobacillales, and ␥-Proteobacteria are located exclusively in the hindgut lumen, whereas the Bacteroidetes are also present on the hindgut wall. However, all Bacteroidetes clones from the lumen were closely related to the genus Dysgonomonas, whereas the clones from the wall biofilm clustered with Bacteroides and Cytophaga species. Also, the clostridial clones usually clustered with clones from the same hindgut fraction (Fig. 3) , reflecting a pronounced radial organization of the hindgut community. It is suggestive to assume that washout of unattached microorganisms and microoxic conditions in the gut periphery are important determinants of community structure.
Sulfate-reducing bacteria. The most prominent group of microorganisms located almost exclusively in the gut periphery was affiliated with the genus Desulfovibrio. They seem to be present in all larvae from geographically different populations and represent 10 to 15% of the bacteria colonizing the hindgut wall. Desulfovibrio species are also found in termite guts (23, 50) and in the gastrointestinal tracts of higher animals (16, 34) . Berchtold and coworkers (4) have localized sulfate reducers on the hindgut wall of the termite Mastotermes darwiniensis by FISH; cells hybridizing with probe SRB385 amounted to approximately 7% of the EUB counts, which is in the same range as the value obtained for M. melolontha with probe DSV698-MK (this study).
The high abundance of Desulfovibrio spp. on the hindgut wall of M. melolontha suggests an important physiological role in hindgut metabolism. The gut fluid of M. melolontha contains appreciable concentrations of sulfate (this study), and sulfate has also been detected in the guts of termites and cockroaches (31) . The source of intestinal sulfate in M. melolontha is un- known, but in view of the large number of Desulfovibrio-related bacteria in the hindgut, the decrease in the sulfate concentration between the midgut and hindgut might be caused by the activity of sulfate-reducing bacteria. Many sulfate-reducing bacteria, including Desulfovibrio spp., respire oxygen even in the presence of sulfate (14) , and the termite gut isolate Desulfovibrio termitidis has the highest oxygen respiration rate of all prokaryotes investigated (31) . The thick biofilm in the hindgut periphery of M. melolontha should be at least partially oxic, and it is possible that sulfate-reducing bacteria participate in oxygen removal in the hindgut periphery. However, this depends on their position relative to the oxygen gradient in the biofilm.
Conclusions. Resolving the spatial distribution of microbial populations in the intestinal tract is an important key to understanding the function of the gut microbiota in the digestive processes. The microbial communities of each gut region differ considerably, and the specificity of certain populations for different compartments indicates the presence of distinct ecological niches in the hindgut ecosystem. However, environmental conditions may already differ within a biofilm. For a functional analysis of the gut ecosystem, it will be necessary to elucidate the topology of the community on a microscale, the exact position of each population in the physicochemical gradients, and their mutual interactions.
